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Abstract. Due to the massive penetration of alternative renewable energies, 
hydropower is a key energy conversion technology for stabilizing the electrical power 
network by using hydraulic machines at off design operating conditions. At full load, 
the axisymmetric cavitation vortex rope developing in Francis turbines acts as an 
internal source of energy, leading to an instability commonly referred to as self-
excited surge. 1-D models are developed to predict this phenomenon and to define the 
range of safe operating points for a hydropower plant. These models involve several 
parameters that have to be calibrated using experimental and numerical data. The 
present work aims to identify these parameters with URANS computations with a 
particular focus on the fluid damping rising when the cavitation volume oscillates. 
Two test cases have been investigated: a cavitation flow in a Venturi geometry 
without inlet swirl and a reduced scale model of a Francis turbine operating at full 
load conditions. The cavitation volume oscillation is forced by imposing an unsteady 
outlet pressure conditions. By varying the frequency of the outlet pressure, the 
resonance frequency is determined. Then, the pressure amplitude and the resonance 
frequency are used as two objectives functions for the optimization process aiming to 
derive the 1-D model parameters. 
1. Introduction 
Due to the extensive development of new renewable energy sources during the last decade, the 
electrical transmission system undergoes large power flow fluctuations, since these energy sources are 
strongly dependent on the meteorological conditions. In order to manage these fluctuations, other 
sources of energy are used to help stabilizing the electrical grid. Among them, hydraulic power plants, 
taming also green energy, are used effectively due to their ability to respond quickly to a variation of 
the load. However, in order to inject the suitable amount of power in the grid, the hydraulic turbines 
have to operate far from their best efficient point. In the case of Francis turbines, the turbine off design 
operating conditions yield to the development of flow instabilities such as vortex ropes in the turbine 
draft tube. If the pressure inside the vortex rope reaches the vapour pressure, then cavitation appears 
which may induce pressure fluctuations that propagate in the whole hydraulic system. The interaction 
between this excitation source and the system may lead to resonance phenomena at part load [1]. At 
full load, self-excited pressure and discharge oscillations at ?????????????eigenfrequency are observed 
[2]. To investigate these pressure oscillations, a one-dimensional (1-D) unsteady mathematical model 
of the system is set up, including a model of the cavitation dynamics [3-13]. 
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However, the aforementioned 1-D cavitation dynamics model is based on physical parameters which 
need to be known trough either experimental or numerical simulation approaches. In the framework of 
the European FP7 research project Hyperbole, a thorough set of experimental investigations are 
performed with the reduced scale physical model of a Francis turbine, including the identification of 
the  wave speed and the second viscosity parameters of the cavitation dynamics model [14]. These 
parameters can also be derived from RANS numerical simulations of cavitation flows. Indeed, RANS 
models coupled with a cavitation model enable to investigate the dynamics of the cavitation vortex 
rope. Previous investigations with CFD simulations already identified the cavitation compliance and 
the mass flow gain factor parameters [15-19]. However, extracting from CFD simulations, the second 
viscosity parameter modelling the dissipation induced by phase change during cavitation volume 
fluctuations is less common. Analytical formula of the second viscosity combined with CFD 
simulation results allowed to derive this parameter [20]. However, the used formula was initially 
developed for uniform bubbly flow in pipes which flow configuration is far from the cavitation vortex 
rope. In the case of a 2-D Venturi geometry, an approach based on flow excitation through the outlet 
boundary condition of the CFD domain has been performed, allowing to compute the cavitation 
compliance and the second viscosity of this particular case study [21-22].  
In the present paper, this approach is used to compute the aforementioned parameters by comparing 
the system dynamics response of both the CFD and 1-D unsteady models. The comparisons are 
achieved by using the CFD results as objective functions for the 1-D model. The main results of this 
approach applied to the Venturi geometry are summarized in this paper and the methodology has been 
applied to the full load cavitation vortex rope of a Francis turbine. The set of parameters obtained from 
the identification process are compared between the two test cases. 
2. 1-D cavitation model 
The modelling of the draft tube cavitation flow is based on both continuity and momentum equations 
(1) and (2) including the convective terms and the divergent geometry [13]. 
 c
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This set of equations involve four cavitation vortex rope parameters to be found: 
- the local wave speed a  in a control volume of length dx which yields the value of the 
cavitation compliance 
cC  according to equation (3): 
 2
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- the mass flow gain factor ?  corresponding to a variation of the cavitation volume as function 
of the inlet discharge by keeping constant pressure, see equation (4) . In the case of the Francis 
turbine, this parameter can be interpreted as a variation of the cavitation volume as function of 
the inlet swirl ? [13]. Indeed by varying the inlet discharge with a constant runner rotational 
speed, the swirl is modified. The cavitation volume as a function of the upstream (inlet) and 
downstream discharges was recently measured on a simplified test configuration with a micro-
turbine [23]. 
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- the second viscosity ''?  introducing dissipation induced by the phase change during cavitation 
volume fluctuations; 
- the momentum excitation source hS  induced by the helical swirling flow at part load 
conditions. 
These local continuity and momentum equations (1) and (2) are respectively integrated over continuity 
and momentum control volumes which are overlapped in space leading to a staggered grid. Depending 
on the cavitation length with respect to the investigated system length a lumped or a distributed model 
has to be selected. The distributed model is characterized by several continuity control volumes along 
the draft tube length where equation (1) is applied, whereas the lumped model features one continuity 
control volume. In the case of the distributed model, the mass flow gain factor of each continuity 
equation is applied to the inlet discharge state variable and is assumed to be constant along the draft 
tube, see equation (5). This assumption means that the cavitation volume in each control volume 
varies at the same rate as function of a variation of the inlet discharge. 
 1/2 11 11:     ii i c
dh dQi Nb Q Q C
dt dt
???? ? ? ?  (5) 
3. Methodology 
The proposed methodology to find the 1-D cavitation model parameters is sketched in Figure 1.  
 
Figure 1. Methodology for identification of 1-D cavitation model parameters. 
The momentum excitation source, modelling the pressure source fluctuations induced by the cavitation 
volume dynamics, is not considered in this study. In the two investigated case studies, the cavitation 
volumes feature a steady behaviour. Hence, three parameters need to be found: the mass flow gain 
factor 1? , the wave speed a  and the second viscosity ''? . First of all, the mass flow gain factor is 
determined by following a quasi-static approach: several CFD simulations are performed by keeping 
constant the pressure just downstream the cavitation volume for different inlet discharges. The 
variation of the cavitation volume as function of the inlet discharge yields the mass flow gain factor. 
Then, a global optimization process is performed to derive both the wave speed and the second 
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7. Conclusion 
One dimensional cavitation vortex rope models used for stability analysis of power plants involve 
parameters to be identified either experimentally or numerically. The second viscosity parameter 
modelling the dissipation induced by the phase change during cavitation volume fluctuations is 
decisive to predict the stability limit and the system response to the vortex rope excitation. This study 
is aiming to show that two phase flow RANS computations are able to derive this parameter. Hence, a 
methodology has been setup and applied to two test cases. First of all, the methodology has been 
applied to a 2-D Venturi geometry. With this simplified test case it has been proven that the second 
viscosity can be identified from RANS computations. However, the values obtained for the wave 
speed and the second viscosity are very low compared to experimentally obtained parameters for 
Francis turbines found in the relevant literature. The methodology is then applied to a Francis turbine. 
The obtained values are closer to the mentioned parameters available in the literature. Finally, it is 
shown that these parameters derived from RANS computations are dependent on the cavitation flow 
patterns. The identified parameters are not intrinsic to the cavitation model dynamics of the RANS 
model. To validate the set of parameters for the Francis turbine, a comparison with parameters 
identified experimentally on the test rig is planned in the framework of the HYPERBOLE project. An 
investigation of the influence of the grid and the cavitation model would be also valuable in the future. 
8. References 
[1] ????????????????????????????????????????????????????????????????????????????????????????????-
induced pressure excitation source in a Francis turbine draft tube by particle image 
??????????????????????????????????s, Vol 56, Issue 12, pp. 1-15. 
[2] ??????????????????????????????????????????????????????????????????? ??????????????? ????????????
during self-sustained pressure surge: fluorescent particle image velocimetry in two-?????????????
Experiments in fluids, Vol 54, Issue 4, pp. 1-11. 
[3] ???????? ??? ???? ?????? ?????? ?????? ??????????? ??????????? and associated mode shapes of 
???????????? ??????? ????????? In Proceedings of the International Conference Pressure Surges, 
Paper G1 1-13, Cranfield, England. 
[4] ???????????? ???? ?????? ?????? ??????????? ????????????? In proccedings of Cavitation forum 
ASME, New York, USA, pp. 1-3. 
[5] ????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????. 175-180. 
[6] ???????????????????????????????????????????????????????????????????????????????????????????????
the IAHR Symposium on Operating Problems of Pump Stations and Powerplants, Amsterdam, 
Netherlands. 
[7] ????????? ???? ?????? ???????? ????????????? ???? ???????tions excitées à charge partielle par la 
?????????????????????????????????????????????????Bulletin Escher Wyss 1/2, pp. 101-106. 
[8] ???????????????????????????????????????????????????????????????????????????????????????????????
In Proceedings of the III Conference on Modelling, Testing and Monitoring for Hydro Power 
Plants, Aix en provence, France, pp. 525-533. 
[9] ???????????????????????????????????????? ??????? ????????????????? ??? ????????????? ???????????????
???????????????????????PhD thesis, EPFL, Thèse N° 1146. 
[10] Nicolet C., 2007, Hydroacoustic modelling and numerical simulation of unsteady operation of 
hydroelectric systems. PhD thesis, EPFL, Thèse N° 3751. 
[11] ?????????????? ???????????????????????????????????????????????????????????????????????????????????
28th IAHR Symposium on Hydraulic Machinery and Systems
1169
  
 
 
 
 
complete mo???? ??? ?????????? ?????????????? ?????????????????? ????????? ??????????????????
Hydraulic Machinery and Systems, Vol 3, pp. 1221-1232, Beijing, China. 
[12] ????????? ?????????????????????????????????????????????????????? turbines operating at partial load: 
????????????????? ???????????? ?????????????????????????????????????????????????????-807. 
[13] Alligné S, Nicolet C, Tsujimoto Y and Avellan F 2014 Cavitation surge modelling in Francis 
turbine draft tube J. of Hydraulic Research. 52 (3). 
[14] Landry C, Favrel A, Müller A, Nicolet C and Avellan F 2014 Experimental identification of the 
local wave speed and the second viscosity in cavitating draft tube flow J. of Hydraulic 
Research. Article in press. 
[15] Koutnik J, Nicolet C, Schohl GA and Avellan F 2006 Overload surge event in a pumped storage 
power plant. In Proc. of the 23rd IAHR Symposium on Hydraulic Machinery and Systems, 
Yokohama, Japan. 
[16] Flemming F, Foust J, Koutnik J and Fisher RK 2008 Overload surge investigation using CFD 
data. In Proc. of the 24th IAHR Symposium on Hydraulic Machinery and Systems, Foz Do 
Iguassu, Brazil. 
[17] Chen C, Nicolet C, Yonezawa K, Farhat M, Avellan F, Miyagawa K and Tsujimoto Y 2010 
Experimental study and numerical simulation of cavity oscillation in a diffuser with swirling 
flow. Int. J. of Fluid Machinery and Systems 3. 
[18] Dörfler PK, Keller M and Braun O 2010, Francis full load surge mechanism identified by 
unsteady 2-phase CFD. In Proc. of the 25th IAHR Symposium on Hydraulic Machinery and 
Systems, Timisoara, Romania. 
[19] Chirkov D, Cherny S, Scherbakov P, Zakharov A 2015, Evaluation of range of stable operation 
of hydraulic turbine based on 1-D-3D model of full load pulsations. In Proc. of the 6th IAHR 
International Meeting of the Workgroup on Cavitation and Dynamic Problems in Hydraulic 
Machinery and Systems, Ljubljana, Slovenia. 
[20] Alligné S, Nicolet C and Avellan F 2011, Identification of Francis turbine helical vortex rope 
excitation by CFD and resonance simulation with the hydraulic system. In Proc. of ASME-
JSME-KSME Joint Fluids Engineering Conference (pp. 481-493), Hamamatsu, Japan. 
[21] Decaix J, Alligné S, Nicolet C, Avellan F, Münch C 2015, Identification of the wave speed and 
the second eddy viscosity of cavitation flows with 2-D RANS computations ? Part I, 9th 
International Symposium on Cavitation, 6-10 December, 2015, Lausanne, Switzerland. 
[22] Alligné S, Decaix J, C. Nicolet C, Avellan F, Münch C 2015, Identification of the wave speed 
and the second eddy viscosity of cavitation flows with 2-D RANS computations ? Part II, 9th 
International Symposium on Cavitation, 6-10 December, 2015, Lausanne, Switzerland. 
[23] Müller, A., Yamamoto, K., Alligné, S., Yonezawa, K., Tsujimoto, Y. and Avellan, F., 2016, 
?Measurement of the self-oscillating vortex rope dynamics fo?????????????????????????????????????
ASME J. of Fluids Eng., Vol 138, Issue 2, pp. 021206. 
[24] J. Decaix, A. Müller, F. Avellan, C. Münch, 2015, RANS Computations of a Cavitating Vortex 
Rope at Full Load, 6th IARH meeting of the Working Group, IARHWG 2015, Ljubljana, 
Slovenia, September 9-11, 2015. 
9. Acknowledgments 
The research leading to the results published in this paper is part of the HYPERBOLE research 
project, granted by the European Commission (ERC/FP7-ENERGY-2013-1-Grant 608532). 
28th IAHR Symposium on Hydraulic Machinery and Systems
1170
